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Shear induced phase separation of Wormlike micelles-nanoparticle system : formation
of a long-range ordered nanoparticle structure.
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Shearing of nanocomposites has shown to produce ordered nanostructures and orientation in the
polymeric matrix. Due to the importance of the formation of an ordered structure of nanoparticles
in a polymeric matrix to device wearable, flexible and photonic materials, its useful to get an insight
of the shear-induced ordering and other properties of the polymeric nanocomposites. In this paper,
we use a model Wormlike micellar matrix to study the arrangement and morphology of nanoparticles
in the composite when the system is sheared using a hybrid multiparticle dynamics and molecular
dynamics simulation technique. We observe a shear-induced phase separation of nanoparticles as
well as an increase in the long-range ordering of the nanostructures as a result of shear. We also
show that in order to form a well-packed and highly ordered structure, the nanoparticles with a
smaller size should be preferred.
PACS numbers: 81.16.Dn,82.70.-y,81.16.Rf,83.80.Qr
Keywords: soft matter, flow, hydrodynamic simulations
I. INTRODUCTION
Formation of an ordered nanostructure results in useful
material properties for a wide range of systems ranging
from colloids to granular media to viscoelastic systems
and their composites. A low dense dispersion of nanopar-
ticles (NPs) in a polymeric matrix enhances its mechan-
ical properties to a great extent [1–3] while a high den-
sity of NPs in a polymer nanocomposite with regularly
packed NPs is reported to produce interesting photonic
properties in the material [4, 5]. Moreover, there is an
increasing demand for flexible and novel photonic mate-
rials that needs to study the ordered structures in dense
elastomers [6–8]. Application of shear has shown to pro-
duce a strong ordering and orientation in such systems
[9].
There are many reports where transient structural or-
dering in a colloidal suspension is produced using oscilla-
tory shear [10–12] like layers, strings or crystallites, etc
[13]. A shear-induced orientation of NPs is found in poly-
mer composites with carbon nanotubes or graphene with
enhanced composite properties [14]. A high aggregation
of nanorods with a strong flow is found in a molecular
dynamics simulation study by Park et. al. [15] while a
theoretical study by Stephanou [16] shows an increased
miscibility between NPs and polymer chains due to shear
flow. A Brownian Dynamic study by Yamamoto et. al.
[17] on the disc-like particles in a shear flow shows that
the degree of orientation of the particles is promoted by
the entanglement in the polymer chains. Thus, the shear-
ing force provides a generic tool to produce order in such
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viscoelastic media with a promising way for manufactur-
ing novel photonic or flexible materials.
The system of Wormlike micelles (WLM) form an in-
teresting viscoelastic polymeric matrix that exhibits fas-
cinating properties like shear-thinning, shear-thickening
and shear-banding, etc [18–21]. Unlike polymers, Worm-
like micelles (WLM) can break and join at room tem-
perature producing an exponential distribution of their
chain lengths [22]. Similar to polymeric matrices, the
addition of NPs show thickening ability on WLMs and
enhanced rheological properties [23]. An increase in vis-
cosity is observed by Shashkina et. al. [24] on the ad-
dition of NPs to WLMs. When silica NPs are added to
WLMs formed by CTAB and sodium nitrate, an increase
in the zero-shear viscosity and the relaxation time is ob-
served by Nettesheim et. al. [25]. A further study con-
ducted on the same system by Hegelson using cryogenic
transmission electron microscopy (cryo-TEM) indicates
the formation of the micelle-nanoparticle junction as a
crosslink between micelles [26]. There exist many more
studies that show the enhanced rheological properties of
WLMs on the addition of NPs [27–29]. However, the
literature lacks the information that enlightens us the
microstructural organization of the system that leads to
the enhancement in the system properties.
In this paper, we study the effect of shear on the WLM-
NP composite using molecular dynamics simulation tech-
nique. We show the formation of a long-range ordered
structure of nanoparticles as a result of shear. We also
report the shear induced phase separation of nanoparti-
cles and compare the study for different shear rates and
size of nanoparticles.
2II. MODEL AND METHOD
A. Modelling Wormlike micelles
We use the same model of Wormlike micelles that is
used in our earlier studies in [30–33]. We repeat the
potentials used in this model for the convenience of the
readers.
(1) V2: Two body attractive L-J potential modified
by an exponential term.
V2 = ǫ[(
σ
r2
)12 − (
σ
r2
)6 + ǫ1e
−ar2/σ]; ∀r2 < rc. (1)
where, r2 is the distance between monomers. The ex-
ponential term creates a potential barrier at r2 = 1.75σ
for breaking (joining) the monomers from (to) a chain.
We keep ǫ = 110kBT , the cutoff distance rc = 2.5σ,
ǫ1 = 1.34ǫ and a = 1.72.
(2) V3: Three body potential to model semiflexibility
of chains.
For any 3 monomers with a central monomer bonded with
two other monomers at a distance r2 and r3 and form-
ing an angle theta at the central monomer, the following
3body potential adds the semiflexibility to the chains,
V3 = ǫ3(1−
r2
σ3
)2(1−
r3
σ3
)2 sin2(θ); ∀r2, r3 < σ3. (2)
where, ǫ3 = 6075kBT , and the cutoff distance
σ3 = 1.5σ.
(3) V4: Four body potential to avoid branching.
To avoid branching, a four body potential is used to
repel any chain trying to form a branch,
V4 = ǫ4(1−
r2
σ3
)2(1 −
r3
σ3
)2 × VLJ (σ4, r4) (3)
where, r2 and r3 are the distances of the two bonded
monomers from the central monomer in a chain and r4
is the distance from the monomer attached to the other
chain that needs to be repelled. This is a shifted L-J po-
tential with only the positive part. The cutoff distance
for this potential σ4 is chosen such that σ3 < σ4 < rc
and is fixed at σ4 = 1.75σ. This model has been already
used to show the Iso-Nem transition and the exponen-
tial length distribution of the polymeric chains confirm-
ing the characteristic properties of the Wormlike micel-
lar/equilibrium polymeric system. Please refer [30, 31]
for a detailed description of the model and its successful
implementation.
B. Modelling nanoparticles
The nanoparticles are modelled as attractive L-J par-
ticles with the ineracting potential given by,
V2n = ǫn[(
σn
rn
)12 − (
σn
rn
)6], ∀rn <= rcn (4)
The cutoff distance rcn is set at rcn = 2σn. These
nanoparticles interact with monomers via a repelling po-
tential V4n which is a shifted Lennard-Jones potential
given by,
V4n = ǫ4n[(
σ4n
rmn
)12 − (
σ4n
rmn
)6], ∀rmn <= 2
1/6σ4n (5)
Where, rmn indicates the distance between monomers
and nanoparticles with the parameter σ4n indicating
the centre-to-centre distance between the particles. The
value of σ4n is always kept at σ/2 + σn/2 which is the
minimum possible value for a given value of σn [32, 33].
The value of the strength of the repulsive interaction is
fixed at ǫ4n = 30kBT .
III. METHOD
We use a hybrid method where the fluid is simulated
using the Multiparticle collision dynamics (MPCD) tech-
nique the equilibrium polymers and nanoparticles which
are evolved using Molecular dynamic method (MD) in-
teract with the fluid particles by coupling the MPCD
with the MD method. To simulate fluid, the simulation
box is divided into unit cells with side length a(=1). The
fluid particles are sorted into these cells and the particle
density is fixed as 10 particles per unit cell. The MPCD
method to simulate the effect of hydrodynamics consists
of two steps:
1) Streaming step: In this step, the position of a par-
ticle i at any time t, with a velocity ¯vi(t) is updated to a
time t+h according to,
r¯i(t+ h) = r¯i(t) + hv¯i(t); ∀i = 1, ..., Ns. (6)
2) Collision step: In the collision step, the centre of
mass velocity is calculated in each cell and the relative
velocity (w.r.t centre of mass velocity) of the particles
present in that cell are rotated around a randomly chosen
axis by an angle α = 130◦.
v¯i(t+ h) = v¯i(t) + (R¯(α) − E¯)(v¯i(t)− v¯cm(t)) (7)
where, R¯(α), E¯ and v¯cm are the rotation matrix, the
unit matrix and the centre of mass velocity of the cell in
which the particle is present. Here, α = 130◦. The rota-
tion of velocities simulates the collision of particles with
each other as an effect of hydrodynamics interactions.
Therefore, by including the monomers and nanoparticles
in the colision step it imparts the hydrodynamic effects
on the Wormlike micelle-nanoparticle system.
3FIG. 1. The figure shows the snapshots of Wormlike micelles-nanoparticle system (top row) and only the nanoparticles
(bottom row) for different values of shear rates (a) 0.001τ−1, (b) 0.01τ−1 and (c) 0.03τ−1. All the snapshots are for same size
of nanoparticles σn = 1.65σ and ρm = 0.089σ
−3. The figure shows that with increasing shear rate the NP structure transform
from percolating to phase separated structure and finally to non-percolating clusters.
Therefore, in a collision cell c with Nc
m monomers of
massmm andNc
s solvent particles of massms, the centre
of mass velocity is calculated to be,
vcm(t) =
∑
i=1
Nc
s
msv¯i(t) +
∑
j=1
Nc
m
mmv¯j(t)
msNc
s +mmNc
m (8)
The Galilean invariance is ensured by performing a
random shift at every collision step. This method con-
serves the mass and linear momentum at every step. In
order to impose shear flow along the x-z planes, the pe-
riodic boundary conditions along these planes are re-
placed by Lees-Edwards boundary conditions. A no
slip boundary condition is maintained by imposing the
bounce back rule which ensures that any particle collid-
ing with the walls will be reverted in its velocity. A local
Maxwellian thermostat maintains the fluid temperatur.
We fix kBT = 1, collision time h = 0.1, ms = 1 and colli-
sion cell size a = 1. Then, the shear viscosity of the fluid
yields the value around 8.7. The unit of length is chosen
as σ = 1 = a and the simulation box is of 30× 30× 30σ3.
The mass of the solvent particles kept at ms = 1. For
each collision step h, the molecular dynamics to evolve
polymers is called for h/hp steps with hp = 0.002. The
length and time are scaled according to rˆ = r/a and
tˆ = t
√
kBT/msa2.
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FIG. 2. The figure shows the pair correlation function for the
NPs shown in the three snapshots in the lower row of Fig.1 dif-
fering in the values of shear rates. All the three functions show
sharp peaks indicating the existence of a long-range order.
However, the peaks for shear rate= 0.01τ−1 is highest com-
pared to other peaks indicating that the phase separated NP
structure in Fig. (1(e)) has higher ordered structure. More-
over, the appearance of a peak around 2.6 and 3.55 indicates
the hexagonal packing of the structures.
IV. RESULTS ::
The method of MPCD is first checked with only fluid
particles in the simulation box and applying walls along
the x-z planes. A bounce-back condition is maintained
for the particles colliding with the wall and the phan-
tom particles in the walls are taken into account. This
4FIG. 3. The figure shows the snapshots of both nanoparticles and micelles (top row) and only the nanoparticles (bottom row)
for different values of monomer densities (a) 0.089σ−3, (b) 0.1σ−3 and (c) 0.124σ−3 respectively. The size of nanoparticles and
the shear rate are kept constant to be σn = 1.65 and shear rate=0.03τ
−1. All the snapshots of nanoparticles show a crystalline
phase. However, due to the high density of the micellar matrix too few particles are able to introduce in the system to decode
any order in the structure.
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FIG. 4. The figure shows the nanoparticle correlation
function for the snapshots of nanoparticles shown in the
lower row of Figure.5 for different values of monomer densi-
ties. The correlation function for both monomer densities of
ρm = 0.089σ
−3 and 0.1σ−3 show the existence of a long-range
ordered phase while there are too few particles to decode a
phase for the case of ρm = 0.124σ
−3.
generates a Poiseuille flow profile with a maximum ve-
locity at the centre of the box and with no wall slip [34].
Now, the walls along x-z planes are replaced by the shear-
ing walls by imposing Lees-Edwards boundary conditions
along the walls. This generates a shear flow [34] with the
velocity varying in the y-direction. After checking the
working of the MPCD method, monomers and nanopar-
ticles are included in the box and the molecular dynam-
ics simulation of the polymer-nanoparticle system is cou-
pled with the MPCD fluid by including the monomers
and nanoparticles in the collision step. We denote the
monomer number density as ρm.
In order to check the effect of shear rate on the WLM-
Np system, a system of WLMs with ρm = 0.089σ
−3 is
considered. In the absence of shear, this system forms a
percolating network of NPs [31]. Now the system is sub-
ject to shear with varying shear rates. It has already been
shown that this system without NPs when subject to
shear, first show an increase in its orientation and chain
length and then a decrease in its chain length with the
same orientation, as a result of increasing shear rate [34].
Similarly in the current system with NPs when the shear
rate is increased from 0.001τ−1 to 0.01τ−1, the micellar
chains show an increase in their chain length and orienta-
tion as shown in Fig. 1(a) and 1(b). In Fig. 1(a) micellar
chains are shorter and have a low orientational order for
shear rate=0.001τ−1. The corresponding nanostructure
shows a percolating network in 1(d). Thus the NP mor-
phology with this shear rate is hardly affected. However,
increasing the shear rate to 0.1τ−1 induces higher orien-
tational order and length in the micellar chains with the
5FIG. 5. The figure shows the snapshots for four different values of nanoparticle size (a) σn = 1.65σ, (b) 1.85σ, (c) 2.05σ and
(d) 2.25σ. The micellar density is kept constant to ρm = 0.089σ
−3 and the value of shear rate is kept fixed at 0.03τ−1 The
upper row indicates both the nanoparticles and monomers while, the lower row shows only nanoparticles. It can be clearly seen
that the nanoparticle structure after crossing a particular value of σn form a phase separated structure with a lower order of
NP arrangement.
NPs forming a single block of a long-range ordered parti-
cles (fig. 1(d)). This is a shear-induced phase separation
of NPs. With further increase in shear rate to 0.03τ−1,
the NP structure breaks into smaller clusters.
It is observed that the order of NP arrangement is
highest in case of the intermediate value of the shear rate
(0.01τ−1), when NPs form a phase-separated structure.
This is confirmed by plotting the pair correlation function
of NPs which is shown in Fig. 2. The pair correlation
function shows the highest peak for shear rate=0.01τ−1.
Moreover, the peaks around 2.6 and 3.55 indicate the
hexagonal packing of the structures. Thus a well ordered
crystalline structure of NPs can be formed by tuning the
shear rate and the size of the NP crystalline block can
also be controlled (refer Fig. 1e and 1f).
The density of WLMs considered in Fig.1 has already
been shown to produce sheet-like non-percolating nanos-
tructures as can be seen in Fig. 1(f) [31]. However,
the sheet-like non-percolating structures were produced
as a result of an increase in the value of σ4n while in
the case of Fig.1 they are produced as a result of shear.
Now, to check what happens to the arrangement of NPs
in these sheet-like non-percolating nanostructures when
the micellar density ρm is changed, the system considered
in Fig.1(c) (or Fig.1(f)) is subject to the change in ρm.
Since the shape anisotropy of the NP structure is con-
trolled by the micellar density, we would like to remain
in the regime where the micellar density produces only
sheet-like nanostructures. The density ρm = 0.126σ
−3
produces rod-like nanostructures [31], therefore the den-
sity considered is below this value. The results are shown
in Fig. 3.
In Fig. 3, three different values of micellar densities are
considered (a) 0.089σ−3, (b) 0.1σ−3 and (c) 0.124σ−3.
As the micellar density increases, it becomes very dif-
ficult to introduce NPs inside the matrix and shear it.
Therefore, for the highest density considered, hardly few
NPs are able to introduce (Fig. 3(c)). Now, the system
is sheared with the shear rate=0.03σ−3 keeping the size
of nanoparticles same as σn = 1.65σ. From the figure, we
can clearly see that both figures 3(d) and 3(f) maintains
the sheet-like morphology of NPs with the long-range or-
dered arrangement of particles. However, the shear rate
seems to affect the crystalline order of the NP structures.
This is confirmed by plotting the pair correlation func-
tion of the NPs structures which is shown in Fig. 4.
In this figure, the pair correlation function shows higher
peaks for the NPs in the system with ρm = 0.1σ
−3 (Fig
3(e)) compared to the structure in case of ρm = 0.089σ
−3
(Fig.1(d)). Thus, increasing the density of the micellar
matrix increases the crystalline order of the NP struc-
ture.
It is also insightful to investigate the effect of the size
of NPs when the WLM-NP system is sheared. In our ear-
lier investigation, it is shown that the NPs with smaller
size are capable of forming a well packed-structure. In-
creasing the size of NPs affects the long-range order of the
nanostructure and sometimes not a well-defined structure
is observed [32]. Now to investigate the effect of the size
of NPs on the WLM-NP system when it is sheared, the
same system shown in Fig. 3(a) (or 1(c)) is considered
and the value of σn is varied with the shear rate kept fixed
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FIG. 6. The figure shows the pair correlation functions
for four different values of nanoparticle size whose snapshots
are shown in the lower row of figure.7. The pair correlation
functions for smaller size particles show a long-range ordered
structures with well-defined peaks while the correlation func-
tion for the largest particle considered shows a lower packing
of the structure with broad and lower peaks.
at 0.03τ−1. The results are shown in Fig. 5. The figure
shows the system with σn (a) 1.65σ, (b) 1.85σ, (c) 2.05σ
and (d) 2.25σ. Examining the figure, we can see that
with increasing the size of NPs, the shape anisotropy of
the NP structure is getting affected with the NPs show-
ing a phase separated structure after crossing a particular
value of σn. This can be seen in Fig. 5(h) (or Fig. 5(d)),
where the NPs form a phase-separated structure in the
matrix. Moreover, the size of NPs also seems to affect
the arrangement of NPs.
The arrangement of the NP structure can be analyzed
by plotting their pair correlation function. The plot is
shown in Fig. 6. In the figure, it can be seen that the pair
correlation functions for σn = 1.65σ, 1.85σ and 2.05σ
(when the NPs form non-percolating sheet-like structure
(Fig. 5(e), (f), and (g) )), shows higher peaks indicat-
ing the presence of a long-range order in the structure.
However, the peaks for σn = 2.25σ is very low that shows
not a well-ordered structure which is also confirmed from
Fig. 5(h). The phase separation of the NP structure for
the higher size of NPs (σn = 2.25σ) is due to the sur-
face energy of the NPs. With the increase in the size
of NPs, the energy of NPs in a cluster decreases, hence
NPs are unable to withstand in the shear if they form a
small cluster. Therefore, it is more cost effective for the
NPs to form a big cluster and phase separate in order
to minimize surface interaction with the shearing micel-
lar matrix. Since the order of NP arrangement is an
important factor affecting the mechanical properties of
elastomers or flexible materials, it is very important to
consider the size of NPs in order to device wearable, flex-
ible or photonic materials.
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